The stability of convection in a horizontal porous layer subjected to horizontal as well as vertical temperature gradients is investigated. The boundaries are taken to be perfectly conducting and the horizontal temperature gradient is assumed to be small. The analysis shows that the critical Rayleigh number is always larger than for the ordinary Benard problem in a porous medium. The preferred mode of disturbance is stationary, being longitudinal rolls, i.e. rolls having axes aligned in the direction of the basic flow. This particular mode minimizes the potential energy. Assuming that the initially preferred mode also dominates at supercritical Rayleigh numbers, a finite amplitude solution is obtained. The vertical heat flux is computed to second order. Compared with Benard convection in a porous medium, the perturbation heat flux is diminished. The flux conducted through the boundaries is increased, however, so the total vertical heat flux is increased.
1.
Introduction.
Buoyancy driven convection in a porous medium has several important geophysical and technical applications. Thus, beothermal activities in certain areas of the world may be attributed to this phenomenon ~J. It also may be present in natural gas reservoirs [2] . Technically this phenomenon is important as it may occur in porous insulation of buildings, thereby increasing the loss of heat.
The present paper is concerned with free convection in a horizontal porous layer, where the ratio of height to length is small. When uniformly heated from below, this model has been investigated by several authors during the past thirty years or so.
Especially in the last few years considerable efforts have been made in understanding this subject. Among the recent papers we mention [2] [3] [4] [5] [6] [7] [8] , where also references to earlier works can be found.
In a physical problem, however, strictly uniform heating generally does not occur. Thus, horizontal as well as vertical temperature gradients will be present. For thin viscous layers this problem has motivated some previous investigations, (9) (10) (11) (12) where various lateral heating conditions have been used. Most recently ~'Ieber [13} has made an analysis of this problem, assuming that the temperature varies linearly along the boundaries, while the vertical temperature difference is kept constant. In the present paper this model is applied to convection in a porous medium.
Owing to the similarity between convection in a fluid with infinite Prandtl number and porous convection, several conclusions can be obtained from ~3]. As in this paper the lateral temperature variation produces a horizontal shear flow. This becomes unstable to infinitesimal perturbations when the vertical temperature difference is sufficiently increased. Owing to the existence of the basic flow, a unique perturbation pattern is predicted from linear theory. This is longitudinal rolls, or rolls with axes aligned in the direction of the basic flow.
The equation for momentum transfer in a porous medium does not contain convective terms. Hence shear instability can not occur. This conforms to the ideas in [14}, where it is proved that convection in a porous vertical slab is stable. Then the mechanism of instability in the present problem must be of thermal origin.
In the last part of the paper we extend the analysis to the nonlinear regime. Considering the initially preferred mode, we obtain a finite amplitude solution. The vertical heat flux is examined to second order, and the result is compared with ordinary porous convection due to uniform heating from below.
Governing equations.
Consider natural three-dimensional convection in a porous medium which, for example, may be composed of closely packed grains, completely surrounded by a homogeneous fluid. The medium is bounded horizontally by two impermeable planes separated by a distance h, which is assumed to be small compared to the characteristic horizontal dimensions. As in [13] the boundaris are taken to be perfect heat conductors, and to have a linear temperature variation in the x-direction, see fig.1 . For a given x-coordinate the temperature difference between the planes is constant, ~T, and the lower plane is the warmer.
We introduce dimensionless variables by choosing
as units of time, velocity, temperature and pressure, respectively.
Making the Boussinesq approximation, the governing equations may be written
For details concerning the derivation of the heat eauation in a porous medium, we refer to Katto and Masuoka ~s}.
The system (2.2-2.4) permits a particular, steady solution.
where S now is dimensionless, the governing equations reduce to
In a porous medium we have no restriction on the tangential velocity at a rigid boundary. However, the mass must be conserved, and hence
For the temperature at the boundaries we must require
The solution of (2.6-2.8) is easily obtained, being
We remark that this solution is valid in the region where the effects of the lateral side-walls can be neglected.
Formally S and Ra are independent parameters. It is obvious, however, that the solution (2.9) is not stable for all values of these parameters. For example, when Ra is sufficiently increased, convection will occur, and a secondary flow develops.
However,there is also another point which should not be overlooked.
It is well known that for Darcys law to be valid in its present form, the (particle) Reynolds number should not exceed unity.
We define a Reynolds number where Pr is the Prandtl number.
For experimental verification this condition must be kept in mind.
The basic state given by (2.9) involves vertical as well as We notice that the presence of S increases the heat flux.
The total horizontal heat flux is the same through all vertical planes, and is given by Substituting for Hv and Hh we may write the vertical heat flux per unit area
o is itself a function of S and Ra, which we do not know. However, a little information can be obtained. When the motion is slow, the heat loss through the horizontal boundaries in the end regions will be nearly symrnetrical, and o will be slightly above~. By increasing the value of SRa, more warm fluid will accumulate in the neighbourhood of the cold boundary in the region l1 < x < l1 + l2, and the reverse in the left part of the slo.t. The main heat exchange through the boundaries will occur where the temperature gradients are largest, and hence o may finally approach unity.
When l1 + oo and 1 2 remains finite, the heat flux reduces to (2.12).
3.
Perturbation analysis.
Throughout the rest of this paper we shall assume that effects due to lateral side-walls can be neglected.
Perturbating the velocity, temperature and pressure fields, the resulting field variables may be written
where P(x,y) is pressure in the basic flow.
From (2.2) we obtain
\'There the carets habe Loen dropped. We observe that 
where k and m are real wave numbers in the x-and z-direction, respectively, and cr = crr + icri is the complex growth rate, the perturbation equation may be written to be solved subject to
Here a is the horizontal overall wave number defined by a 2 = k 2 + m 2 , and Rae the critical Rayleigh number corresponding to the onset of convection.
The solutions will be obtained by a series expansion after S as a small parameter, as in [13] . This procedure is analogous to those previously applied in [17] for convection in Couette flow and in [18] for convection i~ a tilted slot. The zeroth-order system is easily shown to be self-adjoint.
Hence the condition for the higher order equations to have a nontrivial solution may be stated as We observe that the solvability condition is identically satisfied. For the fourth-order system we obtain 
Energy considerations.
In order to gain some physical insight into why longitudinal rolls should be preferred, we consider the equation for the kinetic energy of the perturbation. As mentioned in the introduction, shear instabilities do not occur in a porous medium owing to the lack of inertial terms in the equation for momentum transfer. The mechanism selecting the preferred mode must then be purely thermal.
Taking the real part of (3. where the bar and the brackets denote mean and vertical integration, respectively.
This equation expresses a balance in the perturbation energy between the gain from potential energy and the loss by the viscous dissipation. In a porous medium, however, the latter is directly proportional to the averaged kinetic energy of the perturbation.
Hence we may write
where we have substituted from (3.4) and (3.5).
To second order in the marginal stable solutions, the above expression reduces to
From (3.20) it follows that potential energy, we c nclude that the preferred mode is characterized by minimum potential energy. Equivalently, that particular mode which involves least possible energy conversion, will be selected.
5.
Finite Amplitude solution.
In the previous sections we have demonstrated that a preferred mode of disturbance is predicted from linear theory. Sin~e this particular disturbance is the fastest growing, it also will dominate the motion at slightly supercritical Rayleigh numbers, suppressing the growth of other unstable modes in this region. Accordingly, we look for a stationary solution of the nonlinear problem considering longitudinal modes only.
Setting a/at = a/ax = O, (3.6) reduces to (5.1) This equation will be solved by a two-parameter expansion, and the solution may be written which is analogous to the definition originally proposed by Kuo [19] for a similar problem. In the present case, however, Rae is a function of 6, given by (3.29). We note that £ is always less than one.
Equation ( The result to order E 6 , S 0 has in fact been computed in [5] . respectively.
In [5] the Nusselt number (which corresponds to H(S=O)) has been obtained to sixth order. However, when the horizontal temperature dependence is taken into account, the inhomogeneous differential equations derived in each order, very soon become unsuitable for analytical treatment. We shall therefore not push the computations further than necessary to obtain a correction on the secondorder heat flux. To achieve this goal, we must solve the system
To order E 1 , S 2 the equation is given by (3.21). Including the z-dependence and adding a homogeneous solution, we may write .., where ~2 is given in the appendix. Finally we remark that the total horizontal heat flux remains that of the basic state (2.13), since the considered disturbance is independent of x.
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6.
Summary and concluding remarks.
According to the results presented above, the Rayleigh number at the neutral state will have a minimum value for steady longitudinal rolls with axes aligned in the direction of the basic flow.
The critical Rayleigh number will always be larger than that corresponding to convection with uniform heating from below. These conclusions are similar to those reached in [13] for a viscous fluid in the limit of infinite Prandtl number.
The instability is of thermal origin, and among the marginally stable solutions the preferred mode has minimum potential energy.
Assuming that the initially preferred mode also dominates at moderately supercritical Rayleigh numbers, a stationary finite amplitude solution is obtained. The vertical heat flux is examined to second order, and a small horizontal temperature gradient a is found to diminish the vertical perturbation heat transport. The heat conducted through the boundaries in the vertical direction is increased, however, so the total vertical heat flux is an increasing function of a.
Before closing, we note that by working with supercritical Rayleigh numbers, rolls having axes tilted a small angle to the basic flow become linearly unstable. Such modes may be considered as perturbations to our stationary solution. When S is zero, it can be shown analogously to [18] that the stationary roll is stable.
For non-zero S the stability problem becomes more complex, and should probably be attacked numerically. This will be left for future work, however.
Finally we remark that the inclusion of lateral side-walls will strongly influence the selection of mode. Presumably an increase of the aspect ratio (height to length) should favour transverse rolls, i.e. rolls with axes normal to the basic flow.
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